Free-access stalls allow sows to choose the protection of a stall or use of a shared group space. This study investigated the effect of group space width, 0.91 (SS), 2.13 (IS), and 3.05 (LS) m, on the health, production, behavior, and welfare of gestating sows. Nine replications of 21 (N = 189) gestating sows were used. At gestational d 35.4 ± 2.3, the pregnant sows were distributed into 3 pens of 7 sows, where they remained until 104.6 ± 3.5 d. Each treatment pen had 7 free-access stalls and a group space that together provided 1.93 (SS), 2.68 (IS), or 3.24 (LS) m 2 /sow. Baseline measurements were obtained before mixing. Back fat depth, BW, BCS, and lameness were measured monthly, and skin lesions were scored weekly. Blood was collected monthly for hematological, immunological, and cortisol analyses. Sow behavior was video recorded continuously during the initial 4 d of treatment and 24 h every other week thereafter. Behavior was analyzed for location, posture, pen investigation, social contact, and aggression. Skin response to the mitogen concanavalin A (Con A) was tested at mean gestational d 106. Litter characteristics including size and weight were collected at birth and weaning. The data were analyzed using a mixed model. Multiple comparisons were adjusted with the Tukey-Kramer and Bejamini-Hochberg methods. Group space allowance had no effect on any measure of sow health, physiology, or production (P ≥ 0.10). Sows in the SS, IS, and LS pens spent 77.88% ± 3.88%, 66.02% ± 3.87%, and 63.64% ± 3.91%, respectively, of their time in the free-access stalls (P = 0.12). However, SS sows used the group space less than IS and LS sows (P = 0.01). Overall, pen investigatory behavior was not affected by group space allowance (P = 0.91). Sows in the LS pens spent more time in a social group than SS sows (P = 0.02), whereas sows in IS pens were intermediate to, but not different from, the other treatments (P ≥ 0.10). The size of the social groups was also affected by the group space allowance (P = 0.03), with SS sows forming smaller groups than LS sows; again, IS sows were intermediate to, but not different from, the other treatments. Although the group space allowance had no measurable impact on the health, physiology, or productivity of the sows, the lower group space use and social contact of the SS sows reduced the behavioral diversity benefits of group housing and may indicate an avoidance of social stressors or a lack of physical comfort in the smallest pens.
1 Funding for the research was provided by the National Pork Board. The free-access stalls were donated by CTB Inc. The ASREC farm staff helped with the daily management of the research. Mark Einstein provided assistance with the statistical analyses. We would like to thank the USDA technicians and Purdue graduate and undergraduate students for their help with the research. An extra special thank you goes to Melissa Elischer and Nicole Van DeLeest for their many hours of assistance. 2 The use of trade, firm, or corporation in this publication is for the information and convenience of the reader. Such use does not constitute an official endorsement or approval by the United States Department of Agriculture or the Agricultural Research Service of any product or service to the exclusion of others that may be suitable.
INTRODUCTION
All gestational sow housing options present benefits and challenges (Rhodes et al., 2005) . Standard gestation stalls create a welfare challenge by limiting sow locomotion and natural behavior but are concurrently beneficial by limiting physically aggressive exchanges (Marchant and Broom, 1996) and allowing individualized feeding and care. Conversely, group housing increases behavioral freedom but can result in greater physical aggression and reduced productivity (van der Peet-Schwering et al., 2003; Jansen et al., 2007) . The free-access stall (FAS) is an alternative, hybrid housing system designed to protect sows from aggression and allow behavioral diversity. Additionally, FAS give sows environmental control by allowing them to choose between stall protection or group space use, which may benefit their welfare (Weiss, 1968; Koolhaas et al., 2011) . In a preference test, sows strongly chose FAS over locked stalls irrespective of previous housing (Jones, 2010) .
In Belgium, where FAS are commonly used, producers ranked them second best among 7 gestational group housing systems evaluated for overall satisfaction of management and sow health, performance, and welfare (Tuyttens et al., 2011) . Other studies have reported that sow production and welfare in FAS are similar to other individual and group housing options (Backus et al., 1997; DeDecker, 2011) .
Before FAS installation, a producer must weigh the cost of space against the potential for better welfare with more space. In many group housing systems, aggression and injuries increase as space allowance decreases (Jensen, 1984; Weng et al., 1998) . However, how space allowance impacts sows in a FAS system is unknown. This study's main objective was to determine the effects of group space allowance in a FAS system on gestating sow health, physiology, behavior, and productivity. We predicted that reduced group space allowance would result in increased aggression, injuries, cortisol concentration, and immunosuppression.
MATERIALS AND METHODS

Experimental Design, Animals, and Housing
All procedures in this experiment were approved by the Purdue Animal Care and Use Committee (PACUC number 07-116). All handlers and caretakers were qualified by PACUC for swine handling and techniques.
The study was conducted continuously from March 2008 until June 2010, except from February to April 2009 because of breeding difficulties, at the Purdue Animal Sciences Research and Education Center in West Lafayette, IN (40.43° N) . It used a randomized complete block design in which each replicate was completed before the next one began. Each treatment pen contained a single row of seven 2.26 × 0.61 m (1.86 m 2 ) Laake FAS (PigTek, Milford, IN) that opened onto a group space ( Fig. 1 ) that differed in width among treatments: small space, 0.91 m (SS); intermediate space, 2.13 m (IS); and large space, 3.05 m (LS). Together the FAS and group space provided 1.93, 2.68, and 3.24 m 2 of fully slatted floor space per sow, respectively. The pens were separated from each other by solid walls, and their positions within the barn were rotated between replications.
Nine replications of 21 gestating Landrace × Yorkshire sows and gilts (N = 189), henceforth called sows, with parities between 0 and 6 (mean = 1.72 ± 1.65) were used. At gestational d 35.4 ± 2.3, the confirmed pregnant sows, balanced by parity, were equally divided into 3 treatment pens, where they remained until moving to the farrowing facility at 104.6 ± 3.5 d. Sows had ad libitum access to water in a combined feed and water trough at the front of the FAS. Once daily, they were fed approximately 2.3 kg of a sow gestational diet that was composed of 56% to 66% corn, 8% to 10% soybean meal, and 20% to 30% dried distillers' grains with solubles (DDGS) and provided 3,330 kcal of ME kg -1 , 16.19% CP, 0.50% true ileal digestible lysine, 0.80% Ca, and 0.40% available P. The diets were formulated on a calculated basis according to the ingredient composition values in Meisinger (2010; DDGS only) and NRC (1998; all other ingredients) . The amount of DDGS was reduced in certain growing seasons to keep the level of mycotoxins safe.
One sow from the IS treatment was euthanized and another from the LS was removed from the study and treated because of illness. Two additional sows, one each from the IS and LS treatments, became lame and were removed from the study and treated. After sow removal, 1 FAS and a treatment-specific amount of group space was blocked off in the pen to maintain the appropriate space allowance. Data from the 4 sows removed from the treatments because of illness and lameness were not analyzed. An additional 16 sows did not farrow (SS: 4 sows, IS: 4 sows, LS: 8 sows), and their data were only used to determine farrowing rate. Fifty-nine, 57, and 53 sows from the SS, IS, and LS treatments, respectively, were used in the data analysis.
Sow Body Condition
Body weight; back fat depth at the 10th rib, approximately 2.5 cm to the left and right of the dorsal midline (Aloka Model 500V real-time ultrasound, Corometrics Medical Systems, Wallingford, CT); lameness; and BCS were collected on mean gestational day (GD) 35 before sows entered treatments (baseline) and again on GD 40, 70, and 105. An additional BW was collected 1 d postfarrowing and at weaning (19.0 ± 2.9 d post-farrowing). The lameness scale, adapted from Main et al. (2000) and Harris et al. (2006) , assessed both standing posture and gait to yield a single lameness score (Table 1) . Body condition was evaluated using a combination of visual inspection and application of palm pressure to the sow's backbone, ribs, and hips in accordance with the protocol described by Coffey et al. (1999) . The minimum score of 1 corresponded to an emaciated sow; scores 2 through 4 were given to thin, ideal, and fat sows respectively; and the maximum score of 5 indicated an overly fat sow. Skin lesions were evaluated using a scale (Table 2) adapted from Hodgkiss et al. (1998) and Arey (1999) on GD 35 (baseline), 38, and 41 and once weekly thereafter until the treatment ended. Seven regions of the body were lesion scored independently for a total possible score of 35. The divisions were 1) head, neck, and shoulders; 2) body and udder; 3) rump, tail, and vulva; 4) hooves and feet; 5) hock, knee, and pasterns; 6) upper leg; and 7) dewclaws. If the lesions for a single body region met the criteria for multiple scores, the largest score was used. For example, if the body and udder had 1 abscess (score = 3) and 6 cuts (score = 4), a 4 was recorded. Sow body condition and skin lesions were scored by the first author and trained research assistants. A research assistant's scores had to achieve a correlation of r ≥ 0.90 with the first author's scores on 5 test sows before the assistant could score sows independently.
Sow Physiological Measures
Blood Collection. Blood was collected from the jugular vein of 4 sows per treatment on GD 34 (baseline), 36, 72, and 106 at 0800 h before the sows were fed. The sows were selected by parity to proportionally represent the distribution within the pen. An effort was made to select the same 4 sows at each time point, but if a sow was not eating, was being treated for illness, or could not be snared and bled promptly, a replacement sow was selected. Before blood collection began, all the sows were locked inside a FAS. A sow was released from the FAS, snared, bled, and returned to her stall before the next sow in her pen was bled. Two or 3 sample collection teams worked concurrently in separate pens to minimize the amount of time that elapsed between the first and last samples collected. The process of snaring and blood collection usually took less than 5 min per sow and 45 min per day. Blood was drawn with a 21-gauge (G) needle into two 13 × 75 mm, 4.0-mL draw EDTA (7.2 mg spray-dried K 2 EDTA) venous blood collection tubes for hematological and cortisol analyses and one 16 × 100 mm, 8.5-mL draw acid citrate dextrose (ACD; 1.5 mL of solution A [22.0 g trisodium citrate, 8 g citric acid, and 24.5 g dextrose/L]) venous blood collection tube for immunological analyses (all blood collection supplies: Becton Dickinson, Franklin Lake, NJ) and stored on ice until further preparation. Plasma was separated by centrifugation at 4°C, 1,800 × g for 15 min (Sorvall RC 3B Plus centrifuge, Thermo Fisher Inc., Waltham, MA) for cortisol analyses and stored at -80°C.
Hematology. Room temperature blood samples were analyzed for white blood cell (WBC), neutrophil, lymphocyte, and monocyte cell counts; the neutrophil, lymphocyte, and monocyte percentages of total leukocytes; the ratio of neutrophils to lymphocytes (N:L); and the hematocrit percentage, which was calculated as red blood cell (RBC) count × mean corpuscular volume/10 (Hemavet 950, Drew Scientific, Oxford, CT). Because of equipment failure, baseline data from replications 3 and 7 and GD 38 data from replication 7 were analyzed only for percentages of each cell type via differential counting of stained blood slides (Hema 3 System, Thermo Fisher Scientific Inc.).
Immune Function. Cluster of differentiation (CD) 14, a component of the lipopolysaccharide receptor, is a marker for monocytes and macrophages (Wright et al., 1990 ; Piriou-Guzylack and Salmon, 2008), and CD18, an Main et al. (2000) and Harris et al. (2006) . Hodgkiss et al. (1998) and Arey (1999) .
2 If lesions in 1 body region met the criteria for more than 1 score, the greater of the 2 scores was assigned.
3 A scratch had unbroken skin, a cut had broken skin <2 cm in width, and a wound had broken skin ≥2 cm in width.
integrin leukocyte adhesion molecule, is upregulated in activated swine peripheral blood mononuclear cells and neutrophils (Arnaout, 1990; Wagner et al., 2001) . These cell surface markers and microsphere phagocytosis analyses were performed using an adaptation to the protocol described by Weedman et al. (2011) . In brief, three 37°C 500-μL blood samples were incubated at 37°C for 30 min with 1) 20 μL monoclonal mouse anti-pig CD18a antibody conjugated to fluorescein isothiocyanate isomer (FITC) clone PNK-I (AbD Serotec, Raleigh, NC) and 10 μL monoclonal mouse anti-human CD14 antibody conjugated to R-phycoerythrin (RPE) clone TÜK4 (DAKO North America, Carpinteria, CA) for cell surface marker detection, 2) 12.5 μL red fluorescent, carboxylatemodified 1.0-μm FluoSpheres microspheres (Invitrogen, Carlsbad, CA) for phagocytosis detection, and 3) nothing for autofluorescence detection. To remove the RBC in the samples, the RBC were hypotonically lysed with 900 μL 4°C sterile H2O for 45 s, sample isotonicity was reestablished (10X Hank's Balance Saline Solution [HBSS]; GIBCO Invitrogen, Carlsbad, CA), the samples were centrifuged at 1,800 × g for 3 min at 4°C, and the supernatant was discarded. The samples were washed twice in 1,000 μL 1X HBSS before fixing cells in 500 μL of 2% paraformaldehyde in PBS (paraformaldehyde and PBS powder: Sigma-Aldrich, St. Louis, MO). A population of 10,000 cells per sample was passed through the flow cytometer, which utilized a 488-nm air-cooled argon laser for excitation, a 525-nm band-pass filter for FITC detection, and a 575-nm band-pass filter for RPE detection (Coulter Epics XL-MCL Flow Cytometer, Beckman-Coulter Inc., Miami, FL). Results were analyzed for the percentage of cells expressing CD14, CD18, and microsphere phagocytosis relative to control populations and the mean fluorescent intensity per cell (FI), indicating increased expression, relative to control populations (FCS Express 3, DeNovo Software, Los Angeles, CA).
Oxidative burst and opsonized phagocytotic activity were assayed using an adaptation of the protocol described by Eicher et al. (2010) . In preparation for use, 10 mg dihydrorhodamine-123 (DHR; Invitrogen) was diluted in 10 mL dimethyl sulfoxide (Sigma-Aldrich) to produce a 29 mM DHR solution that was aliquoted into 25-μL allotments and frozen at -80°C. On the day of analysis, 1 aliquot of the DHR solution was resuspended in 10 mL 1X HBSS before use. A 100-μL aliquot of the resuspended DHR solution was added to a 450-μL blood sample that had been incubated for 45 min at 37°C. The sample was then incubated for 10 min before removing two 50-μL aliquots. To the first aliquot, 50 μL propidium iodide (PI, 50 μg/mL, EMDMillipore, Darnstadt, Germany) labeled opsonized Pansorbin (EMD4Biosciences, Darnstadt, Germany) was added. The Pansorbin-PI had been previously prepared by com-bining 650 μL Pansorbin and 650 μL PI, incubating at 37°C for 30 min, washing twice with 1X HBSS, opsonizing with 0.25 μL Staphylococcus aureus BioParticles opsonizing reagent (Invitrogen), incubating again at 37°C for 30 min, washing once with 1X HBSS, and diluting with 1,300 μL 1X HBSS. After the addition of opsonized Pansorbin-PI, the first aliquot sample was incubated for 10 min at 37°C. To the second aliquot, which served as a control, nothing additional was added. After incubation of the first aliquot, the RBC in both tubes were hypotonically lysed, and the samples were preserved using the same procedure as above with 2 exceptions: centrifugation was extended to 5 min and only a single 1X HBSS wash was performed. A population of 10,000 cells per sample was passed through the flow cytometer. The percentages of cells exhibiting oxidative burst and phagocytosis and increased FI for oxidative burst and phagocytosis relative to control populations were calculated.
An in vivo test of cellular immunity was conducted using the mitogen concanavalin A (Con A; Sigma-Aldrich). On GD 105 (baseline), double skinfold thickness was measured (Lange Skinfold Caliper, Beta Technology, Santa Cruz, CA) on the left and right sides of the sows' necks at the base of the ears. On GD 106, sows were intradermally injected with 0.5 mL of a 500 mg/mL Con A solution at the same location on the right side (27 G tuberculin syringe; Becton Dickinson, Franklin Lake, NJ), along with an equivalent saline injection on the left side (control). Twenty-four hours post-injection, the length and width of the inflammation surrounding the injection sites and the skinfold thicknesses at the base of each ear were measured to calculate the area of response to and the change in skin thickness due to Con A.
Cortisol Concentration. Duplicate samples were assayed for total plasma concentration using a commercial radioimmunoassay kit (CA1529 Clinical Assays GammaCoat Cortisol 125 I RIA Kit, DiaSorin, Stillwater, MN) according to manufacturer's instructions. The kit was previously validated for use with swine plasma (Haussmann et al., 2000) and had a sensitivity of 5.79 nmol/L. The intra-and interassay coefficients of variation were 12.4% and 16.6%, respectively.
Sow Behavioral Measures
All sows were individually numbered for video identification (All-Weather Paintstik, LA-CO Industries Inc., Elk Grove, IL). In each pen, one internet protocol camera (Dinion NWC-0495W, Bosch Security Systems North America, Fairport, NY) captured behavior in the group space while another other captured the FAS. Video data were recorded with a hybrid digital video recorder (DiBos Micro 8, Bosch Security Systems North America, Fairport, NY). Behavior was recorded contin-uously during the first 4 d of the treatment to observe the period of greatest aggression and hierarchy development (Barnett et al., 1992; Arey, 1999) and for 24 h every other week during the remainder of the treatment. For each sow, the observations from the initial 4 d were combined for GD 37. Technical issues resulted in all video being lost from the eighth replication and at least 1 d of video loss in 5 out of 8 of the remaining replications. All video coders were trained by the primary author, and interrater reliability was ≥0.85 on a standardized video segment.
Sow location, posture, pen investigatory activity, and social contact were coded using instantaneous sampling every 10 min during every third hour for 1 h (e.g., 0600 to 0700 h, 0900 to 1000 h, etc.) for a total of 48 time points/d for each sow, according to a predefined ethogram ( Table 3 ). The reliabilities were >0.90 between sampling at 1 and 10 min intervals and between sampling every hour and every third hour. To minimize the effects of human presence, time points in which people were present in the barn and the subsequent 5 min were excluded from the data set. Because of the low number of observations, FAS door and head in FAS behaviors were combined for analysis and renamed combined FAS. Total pen investigatory behavior was an aggregate measure that included pen manipulation, combined FAS, and head in trough behaviors. For each sow, the percentage of observations in a social group and the mean group size were calculated.
Aggressive interactions (ethogram; Table 3) were continuously sampled during the first 4 d of treatment and at GD 63 and 91. Like the other behaviors, the initial 4 d of observations were combined within sow to create a GD 37 measure. Aggression duration was calculated as the time difference between aggression initiation and ending. Aggression count equaled the number of aggressive events, and fight count equaled the number of fights recorded.
Productivity Measures
Sow Measures. Productivity data were obtained from the farm's records. The farrowing rate was calculated as (number of sows that farrowed/number of sows pregnant on GD 28) × 100, and the percentage of sows rebred for the next parity was calculated as (number of sows bred within 30 d of weaning/number of sows weaned) × 100. The weaning to estrus interval (WEI) equaled the number of days between weaning and rebreeding. The percentage of sows culled was calculated as (number of sows culled within 90 d of weaning/number of sows weaned) × 100. The cull reasons were collected and will be discussed descriptively.
Pig Measures. Data collected included numbers of pigs born, live-born, and weaned. Litters were weighed during processing, which was approximately 3 d of age, and at weaning. Average piglet weights were calculated as (litter weight/number of live-born pigs) and (litter weight/number of pigs weaned). Preweaning mortality was calculated as [(number of live-born pigs − number of pigs weaned)/number of live-born pigs] × 100. The ADG (g/d) was calculated as (litter weight at weaning, g − live-born litter weight, g)/(weaning age -3, d).
Statistical Analyses
The data were analyzed using a mixed model (PROC GLIMMIX, SAS 9.2, SAS Inst. Inc., Cary, NC). The experimental unit was the pen. Data were transformed as necessary to normalize residuals and equalize their variances. Data for overall BCS, N:L ratio, monocyte count and percentages, duration of aggressive events, farrowing rate, and WEI were logarithmically transformed. Data for CD14 analyses; microsphere phagocytosis FI; cortisol concentration; the percentages of time in group space, in between, upright, performing pen manipulation, and head in trough; and the number and duration of aggressive events and number of fights were square root transformed. The percentages of time sitting and in a social group and piglet mortality data were angularly transformed. The least squares means ± SE of untransformed data are shown to aid interpretation. Group space Sow's head and torso are in group space.
In between Sow is partly in group space and partly in FAS.
Posture Upright
Only sows' feet are in contact with floor. Includes standing and walking.
Sitting
Rear of sow's body and front feet on floor with rest of body elevated.
Lying
Sow's body is on the floor, and her legs are not supporting her weight.
Social contact
Social group Sow is located within 15 cm of ≥1 other sow with at least 1 group member located in the group space.
Pen investigation
Pen manipulation
Sow's snout contacts pen floor or walls.
FAS door
Sow's snout contacts closed FAS door.
Head in FAS Sow located in the group space has her head inside an already occupied FAS.
Head in trough
Sow's snout is in combined feed and water trough.
No pen contact
Sow is not performing any of the previous pen investigatory behaviors.
Aggression Initiation
Sow bites or head knocks another sow (aggression).
Ending
One sow successfully flees or a 10-s interval elapses with neither sow exhibiting aggression.
Fight
Aggressive event lasting ≥15 s.
All analyses included the fixed effect of space allowance. Measures that were repeated over time also included time and its interactions as fixed effects. Only significant interactions are reported. The repeated measure analyses used baseline data as a covariate, except for the Con A analyses, which used response to saline as the covariate. Total litter size was used as a covariate for litter and piglet weights at processing and for ADG. Weaning age and the number of pigs weaned were used as covariates for weaning weights. Random effects included replication, treatment nested in replication, and dominance nested in replication. Correlations over time were modeled with R-side random effects (Schabenberger, 2005) with sow nested in rank by treatment by replication as the subject. Hierarchical linear modeling (nesting) corrected the error terms and prevented type I error inflation due to pseudoreplication (Hurlbert, 1984; St-Pierre, 2007) . The denominator degrees of freedom were approximated using the Kenward-Roger method designed for unbalanced data (Kenward and Roger, 1997; Littell et al., 2006) . Simple effects of significant interactions were used to examine the effect of 1 independent variable within a level of the second independent variable. The Tukey-Kramer adjustment was used to reduce experimentwise error when multiple comparisons were made (Hayter, 1984) . The Benjamini-Hochberg method was used to control the false discovery rate (FDR) due to multiple comparisons (Benjamini and Hochberg, 1995) . The FDR was set at 0.05, and the P-values shown have been adjusted for multiple comparisons accordingly. Statistical significance was set at adjusted P < 0.05 and with a trend at 0.05 ≤ P < 0.10.
RESULTS
Sow Body Condition
Baseline sow BW, back fat depths, and BCS did not differ among treatments (P > 0.40; data not shown). Group space allowance did not influence overall BW, gestational weight gain, lactational weight loss, back fat depth, or BCS (Table 4 ). Body weight and back fat depth increased and BCS tended to increase through gestation (Supplemental Table 1 ).
Lameness was not affected by group space allowance (Table 4 ) but decreased over time ( Supplemental  Table 1 ). On all body regions, skin lesions were also unaffected by group space allowance (Table 4 ). Lower leg lesions did not change over time; however, for the head, neck, and shoulders ( Fig. 2) and all other body regions (Supplemental Table 2 ) lesions were greatest soon after mixing and lowest at the end of gestation.
Sow Physiological Measures
Hematology. None of the hematological measures differed with group space allowance (Table 5) . Neither the WBC, neutrophil, lymphocyte, and monocyte counts; the N:L ratio; nor the percentage hematocrit changed over time ( Supplemental Table 3 ). However, the percentage neutrophils was lower at midgestation than early (P = 0.01) or late (P < 0.001) gestation. Conversely, the percentage of lymphocytes and monocytes was greater at midgestation than early (lymphocytes: P = 0.01; monocytes: P < 0.001) or late (lymphocytes: P = 0.003; monocytes: P < 0.001) gestation.
Immune Function. Neither the percentages of cells expressing CD14 or CD18 nor their FI differed by space Table 2) were scored from 0 (best) to 5 (worst). 6 Body regions: head = head, neck, and shoulder; body = body and udder; and rump = rump, tail, and vulva. allowance (Table 6 ). Likewise, neither the percentages of cells performing microsphere phagocytosis, opsonized phagocytosis, and oxidative burst nor their FI differed by space allowance (Table 6 ). Time ( Supplemental Table  4 ) did not affect CD14 or CD18 expression or the FI of microsphere or opsonized phagocytosis. However, the percentage of cells that phagocytized microspheres was lower at the end of gestation than at early or midgestation (P < 0.001 for both); whereas, the percentage of cells phagocytizing opsonized particles was lower at midgestation than early (P = 0.002) or late (P = 0.005) gestation. In contrast, the percentage of cells performing oxidative burst was not affected by time, but the FI was greater in mid-than late gestation (P = 0.008), with early gestation intermediate but not different from the other weeks.
Group space allowance did not affect the skin thickness (P = 0.11) or area of inflammation (P = 0.97) in response to Con A.
Cortisol Concentration. There was no effect of space allowance (P = 0.66; Table 6 ) or time ( Supplemental  Table 4 ) on plasma cortisol concentration.
Sow Behavioral Measures
Location. The percentage of sows using the group space per day (Fig. 3A) was not affected by space allowance (Table 7) or time ( Supplemental Table 5 ). Sows from SS used the space less than sows from IS (P = 0.01) and sows from LS (P = 0.03), which did not differ from each other (Table 7 ; Fig. 3B ). Group space use increased over time ( Supplemental Table 5 ).
There was no overall effect of space allowance on time sows spent in a FAS, but there was a space by time interaction (P = 0.007; Fig. 4A ). In the beginning of the treatment, sows in all space allowances used the FAS a similar percentage of the time ( Supplemental Table 5 ), but sows from IS and LS used the FAS less over time, whereas for SS sows FAS use remained high. Overall, this resulted in SS sows using the FAS more than LS sows (P = 0.04) and decreased use over time. The percentage of time sows spent in between the FAS and group space was unaffected by group space allowance (Table 7) but changed over time ( Supplemental Table 5 ).
Posture. There was no overall effect of group space allowance on the amount of time spent lying (Table 7) , but there was a space by time interaction (P < 0.001; Fig.  4B ). Overall, lying increased during the first 5 wk of the treatment ( Supplemental Table 5) .
Similarly, the time sows spent upright did not differ by the main effect of group space allowance (Table 7) but showed a space by time interaction (P = 0.008; Fig. 4C ). Overall, time upright decreased as gestation progressed (Supplemental Table 5 ). The amount of time spent sitting did not vary with group space allowance (Table 7) or time ( Supplemental Table 5 ).
Pen Investigation. Group space allowance did not influence the amount of time sows spent performing pen manipulation, which included nosing and chewing on the pen walls or floor (Table 7) . Pen manipulation was greater on GD 37, 70, and 91 than at most other days (Supplemental Table 5 ). Head in trough behavior had a group space allowance by time interaction (P = 0.001; Fig. 4D ). Overall, head in trough behavior was not affected by space allowance (Table 7) but was by time ( Supplemental Table 5 ). In general, sows spent more time with their heads in the trough near the beginning of the treatment. Neither group space allowance (Table 7) nor time ( Supplemental Table 5 ) affected the time sows spent performing the combined FAS behavior of nosing at a FAS door and having their head inside an already occupied stall. Group space allowance did not influence total pen investigation (Table 7) , but time did (Supplemental Table 5 ); pen investigation was greater on GD 49, 70, and 91 than most other days.
Social Behavior. The percentage of time spent in a social group (Fig. 5A ) tended to be affected by group space allowance (Table 7) and was affected by time ( Supplemental Table 5 ) and by their interaction (P = 0.048). Sows from LS spent more time in a group than SS sows (P = 0.02), with IS sows intermediate to, but not different from, the other treatments (P > 0.10). The amount of time IS and LS sows spent in a social group increased until GD 70 and subsequently decreased but changed little in SS sows through gestation.
Group space allowance (Table 7) , time ( Supplemental  Table 5 ), and their interaction (P = 0.004) affected the number of sows in social groups (Fig. 5) . Initially, group size was similar in all size pens. Group sized increased first in LS and then IS pens but remained fairly consistent in SS pens, throughout gestation. Overall, SS sows formed smaller groups than LS sows (P < 0.01), with group size among IS sows intermediate to, but not different from, the other treatments (P > 0.10).
Neither the number of aggressive events nor their duration differed by group space allowance (Table 7) . However, time influenced both the number of events and their duration (Supplemental Table 5 ). The number of aggressive events was greater on GD 63 than GD 91 (P < 0.001); GD 37 was intermediate to, but not different from, the other days (P > 0.10). Aggressive events lasted longer on GD 37 than on GD 63 (P < 0.001) or GD 91 (P = 0.008). Likewise, the number of fights was not influenced by group space allowance (Table 7) but was influenced by time ( Supplemental Table 5 ). Unlike the total number of aggressive events, the number of fights was greater on GD 37 than GD 63 or 91 (P < 0.001 for both).
Productivity Measures
Sow Measures. None of the sow measures (farrowing rate, WEI, percentage of sows bred for next parity, or percentage of sows culled) varied with group space allowance (Table 8 ). For all group space allowances, sows were culled most frequently for reproductive problems, which included loss of pregnancy, having a poor litter, and not returning to estrus. Reproductive problems accounted for 83.3%, 62.5%, and 71.4% of the culls in the SS, IS, and LS pens, respectively.
Pig Measures. Group space allowance also had no influence on any piglet measure (Table 8) , including total and live-born litter size, pig and litter weight at processing, pig and litter weight at weaning, ADG, preweaning mortality, and the number of pigs weaned.
DISCUSSION
Reducing space allowance in group-housed gestating sows has been associated with increased aggression (Weng et al., 1998) , injuries (Taylor et al., 1997) , and cortisol concentration (Barnett et al., 1992) . Therefore, it was surprising that altering the size of the group space allowance within a gestation FAS system had no effect on any health, physiological, or productivity measure. However, FAS systems are notably different from other group housing systems because sows inside the FAS are almost completely protected from the other sows, much as they would be in a standard gestation stall. This increased protection likely accounts for the lack of differences in responses among sows with varied space allowances. free-access stalls (FAS) did not differ by group space width. However, there was a group space allowance by time interaction (P = 0.007) in which sows from the small pens continued high FAS usage, despite an overall decrease in FAS use over time (P < 0.001). (B) Overall, lying did not differ with pen size (P = 0.97) but increased during the first 5 wk of the treatment (P < 0.001). (C) Time upright did not differ by the main effect of group space allowance (P = 0.71) but decreased through gestation (P < 0.01). (D) Overall, head in trough behavior was not affected by space allowance on (P = 0.96) but was by time (P < 0.001).
The absence of differences in our BW, back fat depth, and BCS results corresponds with previous research studies in which space allowances between 2.3 and 3.2 m 2 / sow did not affect weight gain (Remience et al., 2008) , back fat depth (Remience et al., 2008) , or BCS (Séguin et al., 2006) . However, our smallest pen, at 1.9 m 2 /sow, was slightly smaller than those in the previously mentioned studies. In contrast to our results, sows housed at 1.4 m 2 / sow and competitively fed had lower BW and BCS than sows with 2.3 or 3.3 m 2 (Salak-Johnson et al., 2007) . The individualized and noncompetitive feeding in the FAS system likely mitigated the potentially negative effects of reduced space allowance on sow condition.
Physical aggression between sows frequently increases as space allowance decreases (Jensen, 1984; Weng et al., 1998; Lynch et al., 2000) , which can result in greater lameness (Arey and Edwards, 1998; Zurbrigg and Blackwell, 2006) and skin lesions (Turner et al., 2006 (Turner et al., , 2009 . In this study, there were no differences in aggression, lameness, or skin lesions among sows with different group space allowances. Decreased space allowances among group-housed gestating sows often results in greater injury (Taylor et al., 1997; Weng et al., 1998; Salak-Johnson et al., 2007; Remience et al., 2008) ; however, protective pen features, such as feeding stalls and escape areas, can reduce aggression and subsequent injuries (Barnett et al., 1992; Edwards et al., 1993; Andersen et al., 1999; Kongsted et al., 2007) . In this study, sows in all the pen sizes spent more than 60% of their time in the FAS, which minimized aggression and the subsequent injuries typically seen with small space allowances.
Few studies have been conducted that examine the effects of space allowance on sow immune function. Barnett et al. (1992) observed increased skinfold thick-ness with a larger space allowance and also among sows fed in partial stalls in response to the T-cell mitogen leucoagglutinin. Similarly, lipopolysaccharide, a B-cell mitogen, induced greater in vitro cell proliferation in tissue from sows with 3.3 m 2 of space compared with sows with 1.4 and 2.3 m 2 ; however, in the same study there was no difference in the Con A-induced T-cell proliferation (Salak-Johnson et al., 2012) . In this study, the absence of differences in skinfold thickness in response to Con A could be attributable to either the extra protection provided by the FAS during feeding or an insensitivity of Con A induced cell proliferation to changes in space allowance. Much like the results from this study, Salak-Johnson et al. (2012) observed no differences in WBC, neutrophil, lymphocyte, or monocyte counts or in neutrophil phagocytosis with changes in space allowance.
Competitively fed nulliparous pregnant female pigs have exhibited increased (Hemsworth et al., 1986; Barnett et al., 1992) and mixed-parity pregnant female pigs have exhibited decreased (Salak-Johnson et al., 2012) cortisol concentrations with reduced space allowance. In contrast, changes in space allowance do not seem to alter the cortisol concentrations of individually fed sows (Remience et al., 2008) . This suggests that competitive feeding coupled with reduced space allowance, rather than space alone, drives the changes in cortisol metabolism, with parity potentially affecting the direction of the change. Feeding in partial stalls also decreases cortisol concentration (Barnett et al., 1992) , which provides additional evidence that feed competition is an integral component in the alterations. Therefore, it is likely that individual feeding in the FAS prevented cortisol concentrations from being affected by space allowance. However, the effect of space allowance within a FAS housing system on HPA axis activity should be examined further by collecting multiple samples per day and at more frequent time points through gestation, assessing the ratio of bound to free cortisol, and measuring cortisol response to exogenous adrenocorticotropic hormone.
Unlike the health and physiology of the sows, the space allowance affected several aspects of behavior, including the percentage of time spent in the group space. Sows in the SS pens spent 16% of their time in the group area, which differed from 29% in the IS and 32% in the LS pens. Although this use was slightly higher than that observed by Rioja-Lang et al. (2013) in FAS pens containing 25 gestating sows, both studies show the same pattern of increased space allowance increasing group space usage. Given 2.16 m 2 /sow, sows used the group space an average of 12% of the time, whereas sows with 3.24 m 2 /sow used it 19% of the time (Rioja-Lang et al., 2013) . However, average group space use was much greater at 60% when groups of 4 sows were housed in FAS at similar stocking densities (DeDecker, 2011). Sow aggression can increase as group size increases (Taylor et al., 1997; Anil et al., 2006) , which may account for the pattern of increased group size accompanied by decreased group space usage observed among these studies.
Space allowance also affected the development of space use. On GD 37, sows in all size pens used the FAS more than 85% of the time. However, on subsequent days, whereas sows in the IS and LS pens spent as little as 42% of their time in the stalls, sows in the SS pens used the FAS more than 70% of the time on 6 out of 9 d. Lynch et al. (2000) observed a similar space allowance by time interaction in which sows initially remained pre-dominately in the feeding stalls, but as gestation progressed, sows housed at 2.8 m 2 /sow, but not 2.0 m 2 /sow, increased their use of the pen's open area. Increased group space use over time could have been influenced by decreased fighting in addition to greater sow discomfort in the FAS as gestation progressed. The results from this study suggest that at higher stocking densities the costs associated with being in a group, including aggression and competition, may outweigh the potential benefits of increased behavioral diversity and lying space.
Group space allowance also influenced social group size and tended to affect the amount of time sows spent in a social group, defined as 2 or more sows within 15 cm of each other with at least 1 of them in the group space. Sows in SS pens formed the smallest groups and spent the least amount of time in them. As larger interindividual distances between pigs may be indicative of chronic social stress (Turner et al., 2013) , the reduced social interaction may indicate that the social stress increased as the space allowance decreased.
The group space allowance did not affect sow posture or activity. Sows in the SS, IS, and LS pens were upright 5.87%, 6.79%, and 6.80% of the time, respectively; although these values are not significantly different, the numerical means parallel patterns seen previously in gilts that show more standing posture with larger space allowances (Barnett et al., 1992 (Barnett et al., , 1993 . Previous experience and the physiological changes associated with parturition and lactation may reduce stress reactivity (Thodberg et al., 2002a,b; Wartella et al., 2003; Rima et al., 2009) , making gilts more responsive to the reduction in space allowance than the mixed-parity groups used in this study. Similarly, Salak-Johnson et al. (2012) observed reductions in both inactive standing and walking behaviors with small space allowances. In contrast, Weng et al. (1998) observed decreased inactive standing but increased time rooting with greater space allowance; however, the sows in that study had access to deep straw bedding unlike our sows or the ones in the previously mentioned studies, which were not provided a rootable substrate.
The size of the group space did not influence any of the productivity measures. These results agree with previous work published on the relationship between space allowance and litter size (Taylor et al., 1997; Séguin et al., 2006; Remience et al., 2008) , number of stillborn piglets (Taylor et al., 1997; Remience et al., 2008) , and piglet weight and growth (Séguin et al., 2006; Salak-Johnson et al., 2007; Remience et al., 2008) . Salak-Johnson et al. (2007) , however, observed an association between greater total litter sizes, but not live pigs, and increased space allowance, which might be attributable to competitive feeding stressors and possibly reduced feed intake. In this study, feeding in the FAS may have prevented the potentially detrimental effects of competitive feeding stress. Aggression is usually greatest soon after mixing and decreases as the social hierarchy develops (Meese and Ewbank, 1973; Barnett et al., 1992) . Therefore, we expected the most aggression, skin lesioning, and lameness near the beginning of gestation. However, this was only partially true. Fighting and the duration of aggressive interactions were greatest near the start of the treatment, but the number of aggressive interactions was greatest in midgestation. Sows may have stayed in the FAS during the initial fighting but started to use the group space as the aggressive interactions became shorter and less costly. Lameness and the skin lesions followed the predicted pattern and were greatest soon after mixing and decreased through gestation.
Sow behavior and physiology also changed through gestation, with GD 70 appearing unique. In general, sows lay more and were increasingly inactive as pregnancy progressed, which has been observed previously (Marchant-Forde and Marchant-Forde, 2004; Anil et al., 2006; Harris et al., 2006; Karlen et al., 2007) . However, on GD 70, sows increased time spent chewing on and nosing at the walls and floor. Marchant-Forde and Marchant-Forde (2004) also observed increased activity at gestational wk 11, but rather than marking a spike in activity, this increase reestablished a previous pattern after a transient decrease at wk 9. Additionally, on GD 72 the percentages of neutrophils were decreased and the lymphocytes and monocytes increased compared with those on GD 36 and 106. This pattern is unlike what is seen during human pregnancy, during which the percentages of lymphocytes decrease but the monocytes remain unchanged (Luppi, 2003) . Many of the changes in behavior and physiology through gestation are not well elucidated in swine. Although these differences are interesting to note, this study was not designed to track changes through gestation and does not include enough gestational time points to fully evaluate their meaning.
In conclusion, noncompetitive feeding in the FAS system seemingly mitigated many of the potentially detrimental consequences, such as greater aggression and injuries, which can occur with reduced space in other group housing systems. Given a perfunctory examination, the absence of differences in sow health, physiology, and production among the space allowances and the extensive use of the FAS in all space allowances may suggest the group space was unimportant to the sows. However, the sows' behavior belies this interpretation. Sows in the smallest pen group space used the group space least, perhaps to avoid social stress or because of physical restrictions. This in addition to increased group space use through gestation, perhaps due to decreased fighting and greater physical discomfort in the FAS, suggests that the costs of using the group space often outweighed its benefits. Therefore, it appears that space usage was inhibited because the spaces were either too small or of insufficient quality. Further research needs to be conducted to determine if improving the quality of the space by providing access to water, solid flooring, or enrichment would increase the sows' usage of the group space.
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